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(57) Provided is a structured illumination device ca-
pable of switching structured illumination at high speed.

A structured illumination microscope (2) includes: a
brancher (13) that includes a first substrate on which a
plurality of pixel electrodes are provided; a second sub-
strate opposed to the first substrate; and a ferroelectric
liquid crystal disposed between the first substrate and
the second substrate, and branches light from a light
source (20) into diffracted light beams; an illumination
optical system (14) that illuminates a sample with inter-

ference fringes formed by at least some of the diffracted
light beams; an imaging device (3) that forms an image
of the sample irradiated with the interference fringes; a
demodulator (4); and a controller (15) that controls a di-
rection and a phase of the interference fringes. In one
frame period during which the imaging device takes the
image, the controller (15) applies a first voltage pattern
and a second voltage pattern obtained by inverting the
first voltage pattern to at least some of the pixel elec-
trodes.
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Description

Technical Field

[0001] The present invention relates to a structured il-
lumination microscope, an observation method, and a
microscope control program.

Background Art

[0002] Types of microscope devices include a super-
resolution microscope, which enables observation with
a resolution higher than the limit of resolution of optical
systems. One form of the super-resolution microscope
is known as a structured illumination microscope (SIM),
which illuminates a sample with a fringe pattern (struc-
tured illumination) to acquire modulated images and de-
modulates the modulated images to generate a super-
resolution image of the sample (see, for example, Patent
Literature 1). This method involves branching a beam
that has been emitted from a light source into a plurality
of beams with a diffraction grating or the like, and illumi-
nating a sample with interference fringes formed by caus-
ing the beams to interfere with each other in the sample,
thereby acquiring modulated images of the sample. In
the structured illumination microscope, the phase and
the orientation of structured illumination are changed,
and hence the number of images to be acquired increas-
es. Thus, it is expected for the structured illumination
device to be capable of switching structured illumination
at high speed.
[0003] Examples of technology for speeding up the
switching of structured illumination include a method dis-
closed in Non Patent Literature 1. In Non Patent Litera-
ture 1, a spatial light modulator (SLM) is used as a dif-
fraction grating. The SLM is able to change the orientation
and the phase of structured illumination by controlling
voltage of each pixel, and hence does not need to be
mechanically driven. When ferroelectric liquid crystals
(FLC), in which molecules have spontaneous polariza-
tion, is used for the SLM, the operation higher than that
with nematic liquid crystals is achieved.
[0004] For example, the SLM of FLC type includes a
first substrate on which a plurality of pixel electrodes are
formed, a second substrate on which a transparent elec-
trode is formed, and a ferroelectric liquid crystal layer
disposed between the first substrate and the second sub-
strate. For example, the SLM applies voltage having pos-
itive potential and voltage having negative potential to
the pixel electrodes. When the temporal sum of potential
difference between the first substrate and the second
substrate is not 0, that is, when a DC component of volt-
age is present, internal ions of ferroelectric liquid crystals
are attracted in one direction due to the bias in DC com-
ponent, resulting in the occurrence of image burn-in. Im-
age burn-in due to an electric field between substrates
is typically prevented by applying a reverse voltage so
as to cancel out DC components of voltage applied be-

tween the electrodes (see, for example, Patent Literature
1). For example, a display period and a non-display pe-
riod are alternately provided, and voltage reverse to volt-
age in the display period is applied in the non-display
period to prevent image burn-in.

Citation List

Patent Literature

[0005] [Patent Literature 1] Japanese Patent No.
5301223

Non Patent Literature

[0006] [Non Patent Literature 1] L. Shao et al., "Super-
resolution 3D microscopy of live whole cells using struc-
tured illumination", Nature Methods 12, 1044 (2011)

Summary of Invention

Technical Problem

[0007] However, in the structured illumination micro-
scope, if the time during which the reverse voltage is
applied is increased, the frame rate for acquiring images
is reduced. Solution to Problem
[0008] According to a first aspect of the present inven-
tion, there is provided a structured illumination micro-
scope, including: a brancher that includes a first substrate
on which a plurality of pixel electrodes are provided; a
second substrate opposed to the first substrate; and a
ferroelectric liquid crystal disposed between the first sub-
strate and the second substrate, and branches light from
a light source into a plurality of diffracted light beams; an
illumination optical system that illuminates a sample with
interference fringes formed by at least some of the dif-
fracted light beams; an imaging optical system that forms
an image of the sample irradiated with the interference
fringes; an imaging device that takes the image formed
by the imaging optical system; a demodulator that per-
forms demodulation processing by using a plurality of the
images taken by the imaging device; and a controller that
controls a direction and a phase of the interference fring-
es. The controller applies, in one frame period during
which the imaging device takes the image, a first voltage
pattern and a second voltage pattern obtained by invert-
ing the first voltage pattern to at least some of the pixel
electrodes.
[0009] According to a second aspect of the present
invention, there is provided a structured illumination mi-
croscope, including: a brancher that includes a first sub-
strate on which a plurality of pixel electrodes are provid-
ed; a second substrate opposed to the first substrate;
and a ferroelectric liquid crystal disposed between the
first substrate and the second substrate and branches
light from a light source into a plurality of diffracted light
beams; an illumination optical system that illuminates a
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sample with interference fringes formed by at least some
of the diffracted light beams; an imaging optical system
that forms an image of the sample irradiated with the
interference fringes; an imaging device that takes the im-
age formed by the imaging optical system; a demodulator
that performs demodulation processing by using a plu-
rality of the images taken by the imaging device; and a
controller that controls a direction and a phase of the
interference fringes. The controller applies a first voltage
pattern to at least some of the pixel electrodes in a period
for a first frame during which the imaging device takes
the image, and applies a second voltage pattern obtained
by inverting the first voltage pattern in a period for a sec-
ond frame during which an image of the sample is taken,
and the demodulator performs the demodulation
processing by using at least an image taken in the first
frame period and an image taken in the second frame
period.
[0010] According to a third aspect of the present inven-
tion, there is provided an observation method, including:
branching, by a brancher that includes a first substrate
on which a plurality of pixel electrodes are provided, a
second substrate opposed to the first substrate, and a
ferroelectric liquid crystal disposed between the first sub-
strate and the second substrate, light from a light source
into a plurality of diffracted light beams; illuminating a
sample with interference fringes formed by at least some
of the diffracted light beams; forming an image of the
sample irradiated with the interference fringes; taking the
image; performing demodulation processing by using a
plurality of the taken images; and controlling a direction
and a phase of the interference fringes. The controlling
includes applying, in one frame period for taking the im-
age, a first voltage pattern and a second voltage pattern
obtained by inverting the first voltage pattern to at least
some of the pixel electrodes.
[0011] According to a fourth aspect of the present in-
vention, there is provided an observation method, includ-
ing: branching, by a brancher that includes a first sub-
strate on which a plurality of pixel electrodes are provid-
ed, a second substrate opposed to the first substrate,
and a ferroelectric liquid crystal disposed between the
first substrate and the second substrate, light from a light
source into a plurality of diffracted light beams; illuminat-
ing a sample with interference fringes formed by at least
some of the diffracted light beams; forming an image of
the sample irradiated with the interference fringes; taking
the image formed by the imaging optical system; per-
forming demodulation processing by using a plurality of
the taken images; and controlling a direction and a phase
of the interference fringes. The controlling includes ap-
plying a first voltage pattern to at least some of the pixel
electrodes in a period for a first frame during which an
image of the sample is taken, and applying a second
voltage pattern obtained by inverting the first voltage pat-
tern in a period for a second frame during which an image
of the sample is taken, and the demodulation processing
uses at least an image taken in the first frame period and

an image taken in the second frame period.
[0012] According to a fifth aspect of the present inven-
tion, there is provided a microscope control program for
causing a computer to control a structured illumination
microscope that branches, by a brancher that includes a
first substrate on which a plurality of pixel electrodes are
provided, a second substrate opposed to the first sub-
strate, and a ferroelectric liquid crystal disposed between
the first substrate and the second substrate, light from a
light source into a plurality of diffracted light beams, illu-
minates a sample with interference fringes formed by at
least some of the diffracted light beams, forms an image
of the sample irradiated with the interference fringes,
takes the image, performs demodulation processing by
using a plurality of the taken images, and controls a di-
rection and a phase of the interference fringes. The con-
trolling on the direction and the phase includes applying,
in one frame period for taking the image, a first voltage
pattern and a second voltage pattern obtained by invert-
ing the first voltage pattern to at least some of the pixel
electrodes.
[0013] According to a sixth aspect of the present in-
vention, there is provided a microscope control program
for causing a computer to control a structured illumination
microscope that branches, by a brancher that includes a
first substrate on which a plurality of pixel electrodes are
provided, a second substrate opposed to the first sub-
strate, and a ferroelectric liquid crystal disposed between
the first substrate and the second substrate, light from a
light source into a plurality of diffracted light beams, illu-
minates a sample with interference fringes formed by at
least some of the diffracted light beams, forms an image
of the sample irradiated with the interference fringes,
takes the image formed by the imaging optical system,
performs demodulation processing by using a plurality
of the taken images, and controls a direction and a phase
of the interference fringes. The controlling on the direc-
tion and the phase includes applying a first voltage pat-
tern to at least some of the pixel electrodes in a period
for a first frame during which an image of the sample is
taken, and applying a second voltage pattern obtained
by inverting the first voltage pattern in a period for a sec-
ond frame during which an image of the sample is taken,
and the demodulation processing uses at least an image
taken in the first frame period and an image taken in the
second frame period.

Brief Description of the Drawings

[0014]

Fig. 1 is a diagram illustrating a structured illumina-
tion microscope according to an embodiment.
Fig. 2 includes diagrams illustrating a light modulator
in a brancher.
Fig. 3 includes explanatory diagrams illustrating
modulation in each pixel in the light modulator.
Fig. 4 includes conceptual diagrams illustrating volt-
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age patterns and interference fringes in a 2D-SIM
mode.
Fig. 5 is a diagram illustrating an example of condi-
tions of interference fringes.
Fig. 6 is a diagram illustrating operation of the struc-
tured illumination microscope in the 2D-SIM mode.
Fig. 7 includes conceptual diagrams illustrating ex-
amples of voltage patterns used to form phases of
interference fringes.
Fig. 8 is a timing chart illustrating operations of the
light modulator and an imaging element.
Fig. 9 includes timing charts illustrating other exam-
ples of the operations of the light modulator and the
imaging element.
Fig. 10 is a diagram illustrating an optical path from
a light source to a sample in a 3D-SIM mode.
Fig. 11 is a conceptual diagram illustrating voltage
patterns and interference fringes in the 3D-SIM
mode.
Fig. 12 is a diagram illustrating an example of con-
ditions of interference fringes in the 3D-SIM mode.
Fig. 13 is a timing chart illustrating operations of the
light modulator and the imaging element.
Fig. 14 includes explanatory diagrams illustrating the
relation between the orientation of the light modula-
tor and illumination light exiting from a polarization
separation element.
Fig. 15 includes diagrams illustrating an example of
interference fringes.

Description of Embodiments

[0015] Next, embodiments are described with refer-
ence to the accompanying drawings. Fig. 1 is a diagram
illustrating a structured illumination microscope 1 accord-
ing to an embodiment. The structured illumination micro-
scope 1 includes a structured illumination device 2, an
imaging device 3, a control device 4, a display device 5,
and a storage device 6. For example, the structured illu-
mination microscope 1 is a fluorescence microscope that
is used to observe a sample X including cells dyed with
fluorescent dye in advance. For example, the sample X
is held by a stage (not shown).
[0016] The structured illumination microscope 1 sche-
matically operates as follows. The structured illumination
device 2 forms interference fringes, and illuminates a
sample X with the interference fringes. The imaging de-
vice 3 takes a fluorescent image of the sample X illumi-
nated with the interference fringes. The fluorescent im-
age includes an image modulated by the interference
fringes (for example, moire image). The control device 4
controls the components in the structured illumination
microscope 1. Specifically, the control device 4 controls
the structured illumination device 2 to switch interference
fringes to a plurality of states, controls the imaging device
3 to take images of the sample X with the interference
fringes, performs demodulation processing by using the
taken images to form a super-resolution image with a

resolution that is higher than the resolution limit of an
optical system in the imaging device 3, and displays the
super-resolution image on the display device 5. The con-
trol device 4 is further able to store data on the formed
super-resolution image in the storage device 6.
[0017] The structured illumination microscope 1 has a
2D-SIM mode for forming a two-dimensional super-res-
olution image of a surface to be observed (hereinafter
referred to as "sample surface") of a sample X and a 3D-
SIM mode for forming a three-dimensional super-reso-
lution image including information in a direction perpen-
dicular to the sample surface. The 2D-SIM mode is de-
scribed first, and the 3D-SIM mode is described next.
[0018] The structured illumination device 2 includes a
light source 11 (light source device), a polarization sep-
aration element 12, a brancher 13, an illumination optical
system 14, and a controller 15. For example, the control-
ler 15 is provided in the control device 4, but may be
provided separately from the control device 4. In the fol-
lowing description, an XYZ orthogonal coordinate system
illustrated in Fig. 1 and other figures is referred to as
appropriate. In the XYZ orthogonal coordinate system,
the Z direction is a direction parallel to an optical axis of
an imaging optical system 35 (described later). The X
direction is any direction orthogonal to the Z direction,
and the Y direction is a direction orthogonal to the X di-
rection and the Z direction.
[0019] For example, the light source 11 includes a light
source 20, a light guide member 21, and a collimator 22.
For example, the light source 20 includes a laser diode,
and emits coherent light such as laser light. In the follow-
ing description, light emitted from the light source 20 is
referred to as "illumination light". For fluorescent obser-
vation using the structured illumination microscope 1, the
wavelength of the illumination light is set to a wavelength
band including the excitation wavelength of a fluorescent
substance included in a sample X. For example, the light
guide member 21 includes an optical fiber, and guides
illumination light from the light source 20 to the collimator
22. The collimator 22 converts illumination light from the
light guide member 21 into collimated light.
[0020] At least a part of the light source 11 is not nec-
essarily required to be included in the structured illumi-
nation device 2. For example, the light source 11 may be
unitized and provided replaceably (mountably, remova-
bly) to/from the structured illumination device 2. For ex-
ample, the light source 11 may be mounted to the struc-
tured illumination device 2 when used for observation
with the structured illumination microscope 1.
[0021] For example, the polarization separation ele-
ment 12 is a polarization beam splitter prism. The polar-
ization separation element 12 has a polarization separa-
tion film 12a that is inclined at, for example, 45° with re-
spect to an optical axis of the collimator 22. The polari-
zation separation film 12a has characteristics that trans-
mit P-polarized light with respect to the polarization sep-
aration film 12a and reflect S-polarized light with respect
to the polarization separation film 12a. In this case, the
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light source 11 emits P-polarized light (polarized light in
the X direction) with respect to the polarization separation
film 12a as illumination light, and the illumination light
from the collimator 22 is transmitted through the polari-
zation separation film 12a to enter the brancher 13.
[0022] The brancher 13 branches light from the light
source into a plurality of diffracted light beams. In Fig. 1,
0th order diffracted light (illustrated by solid lines), +1st
order diffracted light (illustrated by broken lines), and -
1st order diffracted light (illustrated by two-dot chain
lines) among a plurality of light beams are representa-
tively illustrated. In the following description, when one
or both of +1st order diffracted light and -1st order dif-
fracted light among diffracted light beams are referred
to, the light beams are simply referred to as "1st order
diffracted light". The brancher 13 is controlled by the con-
troller 15, and is able to change the state (phase and
direction) of the periodic structure to a state instructed
by the controller 15.
[0023] For example, the brancher 13 converts the po-
larization state of illumination light from the polarization
separation element 12 from P-polarization into S-polari-
zation. Illumination light emitted from the brancher 13 is
S-polarized light because the brancher 13 serves also
as a phase plate, and is reflected by the polarization sep-
aration film 12a in the polarization separation element 12
to enter the illumination optical system 14. The configu-
ration of the brancher 13 is described later with reference
to Fig. 2, Fig. 3, and other figures.
[0024] The illumination optical system 14 illuminates a
sample with interference fringes formed by at least some
of the diffracted light beams. For example, in the 2D-SIM
mode, the illumination optical system 14 illuminates a
sample with interference fringes formed by interference
between +1st order diffracted light and -1st order diffract-
ed light among a plurality of diffracted light beams. In the
2D-SIM mode, for example, the illumination optical sys-
tem 14 forms interference fringes of +1st order diffracted
light and -1st order diffracted light, and does not use 0th
order diffracted light and 2nd or higher order diffracted
light for the formation of interference fringes. The illumi-
nation optical system 14 may form interference fringes
by diffracted light other than 61st order diffracted light
(the same applies hereinafter). For example, the illumi-
nation optical system 14 may form interference fringes
of +1st order diffracted light and +3rd order diffracted
light, and may form interference fringes of 0th order dif-
fracted light and 2nd order diffracted light. For example,
the illumination optical system 14 includes a lens member
having a rotationally symmetric shape, such as a spher-
ical lens and an aspherical lens. The axis of symmetry
of the lens member is hereinafter referred to as "the op-
tical axis 14a of the illumination optical system 14". The
illumination optical system 14 may include a freeform
lens.
[0025] The illumination optical system 14 includes, in
the order from the brancher 13 toward the sample X, a
lens 25, a 1/2 wavelength plate 26, a mask 27, a lens 28,

a field stop 29, a lens 30, a filter 31, a dichroic mirror 32,
and an objective lens 33. The illumination optical system
14 may include at least a part of the light source 11, may
include the polarization separation element 12, and may
include the brancher 13.
[0026] Diffracted light generated by the brancher 13
enters the lens 25 through the polarization separation
element 12. For example, the lens 25 is disposed such
that a focal point thereof substantially matches with that
of the brancher 13. The lens 25 condenses diffracted
light beams having the same order among a plurality of
light beams branched by the brancher 13 to a corre-
sponding position on what is called a pupil conjugate
plane P1, which is a position conjugate with a rear focal
plane of the objective lens 33 (pupil plane). The lens 25
condenses +1st order diffracted light generated by the
brancher 13 to a position away from the optical axis 14a
on the pupil conjugate plane P1. The lens 25 condenses
-1st order diffracted light generated by the brancher 13
to a position symmetric with +1st order diffracted light
across the optical axis 14a.
[0027] For example, the 1/2 wavelength plate 26 is dis-
posed in an optical path between the lens 25 and the
lens 28, and adjusts the polarization state of illumination
light such that the polarization state of illumination light
with respect to the sample surface when the illumination
light enters the sample X becomes S-polarization. For
example, when the direction in which 1st order diffracted
light is deflected from 0th order diffracted light (hereinaf-
ter referred to as "diffraction direction") is within the XZ
plane, the 1/2 wavelength plate 26 adjusts the polariza-
tion state of illumination light exiting from the illumination
optical system 14 such that the polarization state of the
illumination light becomes linear polarization in the Y di-
rection. When the diffraction direction is changed in the
brancher 13, the incident plane of 1st order diffracted
light on the sample X is rotated around the Z direction,
and hence the 1/2 wavelength plate 26 adjusts the po-
larization state of the illumination light in accordance with
the diffraction direction. The 1/2 wavelength plate 26 may
be disposed at any position in the optical path between
the polarization separation element 12 and the sample X.
[0028] The mask 27 transmits diffracted light used to
form interference fringes, and blocks diffracted light not
used to form interference fringes. In the 2D-SIM mode,
the mask 27 transmits 1st order diffracted light, and
blocks 0th order diffracted light and 2nd or higher order
diffracted light. The mask 27 is disposed at a position at
which an optical path of 0th order diffracted light and an
optical path of 1st order diffracted light are separated
from each other, for example, at a plane conjugate with
the rear focal plane of the objective lens 33 (pupil conju-
gate plane P1). For example, the mask 27 is an aperture
stop, and limits diffracted light of light beams entering the
sample X. In the mask 27, portions through which 0th
order diffracted light enters are light blocking portions,
and portions through which 1st order diffracted light en-
ters are openings (transmitting portions). In the mask 27,
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the portions through which 0th order diffracted light en-
ters may be a shutter capable of switching between the
transmission and block of 0th order diffracted light, and
may be closed in the 2D-SIM mode.
[0029] Illumination light that has passed through the
mask 27 enters the lens 28. The lens 28 forms a plane
optically conjugate with the brancher 13 (hereinafter re-
ferred to as "intermediate image plane 28a"). For exam-
ple, the field stop 29 is disposed on the intermediate im-
age plane 28a. The field stop 29 regulates the range (il-
lumination field, illumination region) where the sample X
is irradiated with illumination light from the illumination
optical system 14 in a plane perpendicular to the optical
axis 14a of the illumination optical system 14.
[0030] Illumination light that has passed through the
field stop 29 enters the lens 30. The lens 30 condenses
61st order light beams from each point on the brancher
13 to corresponding positions on the rear focal plane of
the objective lens 33 (pupil plane P0). Specifically, the
lens 30 condenses -1st order diffracted light from each
point on the brancher 13 to a position symmetric with that
for +1st order diffracted light across the optical axis of
the illumination optical system 14.
[0031] Illumination light that has passed through the
lens 30 enters the filter 31. For example, the filter 31 is
an excitation filter, and has such characteristics that light
in a wavelength band including the excitation wavelength
of a fluorescent substance included in the sample X se-
lectively passes through the filter 31. The filter 31 blocks
light having the same wavelength as the wavelength of
fluorescence emitted from the sample excited by exciting
light from the light source 20. Light that has passed
through the filter 31 enters the dichroic mirror 32. The
dichroic mirror 32 has such characteristics that light in
the wavelength band including the excitation wavelength
of the fluorescent substance included in the sample X is
reflected and light (for example, fluorescence) in a pre-
determined wavelength band among light beams from
the sample X passes through the dichroic mirror 32. Light
from the filter 31 is reflected by the dichroic mirror 32 to
enter the objective lens 33.
[0032] The objective lens 33 forms a plane optically
conjugate with the intermediate image plane 28a, that is,
a plane optically conjugate with the brancher 13, on the
sample. Specifically, the objective lens 33 forms struc-
tured illumination on the sample. +1st order diffracted
light is condensed at a position away from the optical axis
14a on the pupil plane P0 of the objective lens 33. -1st
order diffracted light is condensed at a position symmetric
with that for +1st order diffracted light across the optical
axis 14a on the pupil plane P0. 1st order diffracted light
enters a focal plane at an angle corresponding to the
numerical aperture (NA) of the objective lens 33.
[0033] When observed, the sample X is disposed such
that a portion to be observed is disposed to face a front
focal plane of the objective lens 33. In the 2D-SIM mode,
for example, interference fringes are formed on the sam-
ple X by interference between +1st order diffracted light

and -1st order diffracted light. For example, the interfer-
ence fringes have a periodic distribution of light intensity
in a direction perpendicular to the optical axis 14a of the
illumination optical system 14. The interference fringes
are in a pattern in which bright parts and dark parts are
periodically arranged in a direction corresponding to the
periodic direction of the brancher 13. At parts of the sam-
ple X on which bright parts of the interference fringes are
arranged, fluorescent substances are excited to emit flu-
orescence. An image of the fluorescence is a modulated
image (moire image) of the interference fringes formed
by the illumination optical system 14 and the distribution
of the fluorescent substances in the sample X (fluores-
cent density distribution). The imaging device 3 acquires
the modulated image.
[0034] The imaging device 3 includes the imaging op-
tical system 35 and an imaging element 36. The imaging
optical system 35 includes the objective lens 33, the di-
chroic mirror 32, a filter 37, and a lens 38. The imaging
optical system 35 shares the objective lens 33 and the
dichroic mirror 32 with the illumination optical system 14.
Light from the sample X (hereinafter referred to as "ob-
servation light") enters the objective lens 33 to be colli-
mated, and passes through the dichroic mirror 32 to enter
the filter 37.
[0035] The filter 37 is a fluorescent filter. The filter 37
has such characteristics that light (for example, fluores-
cence) in a predetermined wavelength band among ob-
servation light from the sample X selectively passes
through the filter 37. For example, the filter 37 blocks
illumination light reflected by the sample X, outside light,
and stray light. Light that has passed through the filter
37 enters the lens 38. The lens 38 forms a plane (image
plane) optically conjugate with a front focal plane (object
plane) of the objective lens 33. An image (including moire
image) by fluorescence from the sample X is formed on
the image plane.
[0036] For example, the imaging element 36 includes
a two-dimensional imaging sensor, such as a CCD im-
aging sensor and a CMOS imaging sensor. For example,
the imaging element 36 has a plurality of pixels arranged
in a two-dimensional manner, and has a structure in
which a photoelectric conversion element such as a pho-
todiode is disposed for each pixel. For example, the im-
aging element 36 reads, by a readout circuit, electric
charges generated by the photoelectric conversion ele-
ment due to the irradiation of observation light. The im-
aging element 36 converts the read electric charges into
digital data (for example, 8-bit gray-scale value), and out-
puts image data in a digital format in which the positions
of pixels and gray-scale values are associated with each
other. Electric charge accumulation time per frame by
the imaging element 36 is, for example, about 100 milli-
seconds or about 200 milliseconds.
[0037] The structured illumination microscope 1 in-
cludes a demodulator 40 that performs demodulation
processing by using images acquired by the imaging de-
vice 3. For example, the demodulator 40 is provided in
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the control device 4, but may be provided separately from
the control device 4. For example, in demodulation
processing in the 2D-SIM mode, modulated images (in-
cluding moire images) in nine states obtained by a com-
bination of three states with different periodic directions
of interference fringes and three states with different
phases of interference fringes are used. Examples of the
demodulation processing are described later.
[0038] The brancher 13 according to the present em-
bodiment includes a light modulator (illustrated in Fig. 2
and other figures) that modulates illumination light, and
the light modulator is able to change the state (periodic
direction and phase) of interference fringes. While con-
trolling the light modulator in the brancher 13 to switch
interference fringes to a plurality of states, the controller
15 controls the imaging device 3 to acquire modulated
images of the sample X in the states of the interference
fringes. The imaging element 36 takes the modulated
images formed by the imaging optical system 35 to gen-
erate modulated images.
[0039] Fig. 2(A) is a plan view illustrating a light mod-
ulator 41 in the brancher 13. Fig. 2(B) is a cross-sectional
view illustrating the light modulator 41. The light modu-
lator 41 has a plurality of pixels Px arranged in a two-
dimensional manner. The pixels Px are disposed in plu-
rality in each of the X direction (for example, horizontal
scanning direction) and the Y direction (for example, ver-
tical scanning direction). The light modulator 41 is able
to modulate illumination light for each pixel Px.
[0040] As illustrated in Fig. 2(B), the light modulator 41
includes a first substrate 42, a second substrate 43 op-
posed to the first substrate 42, and a liquid crystal layer
44 sandwiched between the first substrate 42 and the
second substrate 43. In the present embodiment, the light
modulator 41 is a reflective element. Illumination light L1
from the light source 11 enters the second substrate 43,
passes through the second substrate, and enters the liq-
uid crystal layer 44. Illumination light that has passed
through the liquid crystal layer 44 is reflected by the first
substrate 42, passes through the liquid crystal layer 44,
and exits from the second substrate 43. The light mod-
ulator 41 may be a transmissive element.
[0041] The second substrate 43 is obtained by forming
a counter electrode 45 on a substrate having translucen-
cy such as glass. For example, the counter electrode 45
is formed from indium tin oxide (ITO), and has translu-
cency. The counter electrode 45 is formed over the pixels
Px, and is common to the pixels. For example, the counter
electrode 45 is held at a reference potential.
[0042] The first substrate 42 is obtained by forming an
element layer 46 and pixel electrodes 47 on a substrate
made of silicon, for example. The pixel electrodes 47 are
provided for the respective pixels Px. For example, each
of the pixel electrodes 47 is a reflection electrode formed
from metal material. For example, the element layer 46
has an active matrix circuit including switching elements
such as TFTs and wiring such as scanning lines and sig-
nal lines. For example, the active matrix circuit is able to

apply voltage to each of the pixel electrodes 47 based
on a drive signal (for example, image data) supplied from
the controller 15. The pixel electrodes 47 are applied with
positive voltage (for example, +V1) or negative voltage
(-V1) with respect to the reference potential by the active
matrix circuit.
[0043] The liquid crystal layer 44 includes ferroelectric
liquid crystals (FLC). Ferroelectric liquid crystals have a
layered structure in which liquid crystal molecules have
spontaneous polarization. For each pixel Px, the liquid
crystal layer 44 is applied with an electric field corre-
sponding to voltage of the pixel electrode 47 with respect
to the counter electrode 45. Ferroelectric liquid crystals
are distributed in parallel within the XY plane, and the
oriented state thereof is changed between the oriented
state corresponding to positive voltage and the oriented
state corresponding to negative voltage in accordance
with the applied electric field. The liquid crystal molecules
have anisotropy of refractive index, and give different
phases to a component of the incident light (illumination
light) that is polarized in a direction parallel to the optical
axis (for example, fast axis) and a component of the in-
cident light that is polarized in a direction perpendicular
to the optical axis. The light modulator 41 is a reflective
SLM, and the incident light passes through the liquid crys-
tal layer 44 twice, that is, in an outward path from the
second substrate toward the first substrate and in a return
path toward the second substrate after being reflected
by the first substrate. Thus, the phase given to the inci-
dent light by the liquid crystal layer 44 is twice as large
as that with a transmissive SLM. A phase Δϕ given to the
incident light by the liquid crystal layer 44 is expressed
by Δϕ = 2πΔn(2d)/λ, where λ represents the wavelength
of the incident light, Δn represents a refractive index dif-
ference between the direction of fast axis and the direc-
tion of slow axis, and d represents the thickness of the
liquid crystal layer 44. By selecting the thickness d of the
liquid crystal layer 44 and the refractive index difference
Δn (liquid crystal material) so as to obtain the phase dif-
ference of Δϕ = π, the light modulator 41 serves as a 1/2
wavelength plate for the incident light.
[0044] The light modulator 41 is able to switch the di-
rection of the optical axis between two states for each
pixel by selecting the electric field applied to the liquid
crystal layer 44 in each pixel. The light modulator 41 is
useable as an amplitude or phase diffraction grating by
switching the phase given to the incident light for each
pixel. The light modulator 41 uses ferroelectric liquid crys-
tals, and hence, for example, as compared with the use
of nematic liquid crystals, the rate of change in refractive
index in response to change in voltage is able to be im-
proved. For example, the light modulator 41 is able to
switch the direction of the optical axis between two states
in units of microseconds.
[0045] Fig. 3(A) is a diagram illustrating an optical path
of illumination light emitted from the collimator 22 toward
the lens 25 through the light modulator 41. In Fig. 3(A),
reference sign L1 represents illumination light entering
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the light modulator 41, and reference sign L2 represents
illumination light that has passed through the outward
path and the return path in the light modulator 41. Ref-
erence sign L3 represents illumination light reflected by
the polarization separation film 12a in the polarization
separation element 12. In this case, the polarization di-
rection of the illumination light L1 is changed by the po-
larization separation film 12a to a direction D1 in Fig. 3(B).
[0046] Fig. 3(B) is a conceptual diagram illustrating
modulation in each pixel Px in the light modulator 41.
Reference sign D2 represents a director (long axis direc-
tion) of liquid crystal molecules. It is desired to place the
light modulator 41 such that the cone center of liquid crys-
tal molecules is shifted from the polarization direction of
the illumination light L1 by several degrees. In this man-
ner, for example, it is easy to secure sufficient intensity
of 0th order diffracted light used in the 3D-SIM mode.
[0047] The director D2 of liquid crystal molecules ap-
plied with positive voltage is a direction rotated by an
angle of θ1/2 [rad] in the counterclockwise direction from
the polarization direction D1 of the illumination light L1.
The director D2 of liquid crystal molecules applied with
negative voltage is a direction rotated by an angle of θ2/2
[rad] in the clockwise direction from the polarization di-
rection of the illumination light L1.
[0048] In a pixel applied with positive voltage, the light
modulator 41 rotates the polarization direction of the il-
lumination light by an angle of θ1 in the counterclockwise
direction. In a pixel applied with negative voltage, the
light modulator 41 rotates the polarization direction of the
illumination light by an angle of θ2 in the clockwise direc-
tion. In this case, the illumination light L2 emitted from
the light modulator 41 is separated into a component po-
larized in the X direction and a component polarized in
the Y direction. In the component polarized in the Y di-
rection, the phase difference between a light beam en-
tering a pixel applied with positive voltage and a light
beam entering a pixel applied with negative voltage is π
[rad]. The light modulator 41 serves as a diffraction grat-
ing having a phase difference of π [rad] for the component
polarized in the Y direction, and diffracted light is gener-
ated. In the component polarized in the X direction, the
phase difference between a light beam entering a pixel
applied with positive voltage and a light beam entering a
pixel applied with negative voltage is 0 [rad]. In this case,
only 0th order diffracted light is generated as diffracted
light.
[0049] In the illumination light L2 that has been diffract-
ed by the light modulator 41 to enter the polarization sep-
aration element 12, S-polarized light with respect to the
polarization separation film 12a (for example, component
polarized in the Y direction) is reflected by the polarization
separation film 12a and directed to the lens 25. The com-
ponent polarized in the X direction (P-polarized light)
passes through the polarization separation film 12a, and
is excluded from the optical path directed to the sample
X. In other words, the illumination light L3 is light obtained
by extracting the component polarized in the Y direction

from the illumination light L2, and the phase is shifted by
π between the case where light passes through a pixel
applied with positive voltage and the case where light
passes through a pixel applied with negative voltage.
[0050] The diffraction direction and the phase of dif-
fracted light to be generated by the light modulator 41
are determined by a distribution of pixels Px applied with
positive voltage and pixels Px applied with negative volt-
age among the pixels Px. In the following description, the
distribution of pixels Px applied with positive voltage and
pixels Px applied with negative voltage is referred to as
"voltage pattern (voltage distribution)". The controller 15
illustrated in Fig. 1 supplies pattern data to the light mod-
ulator 41 to control the light modulator 41 to form a voltage
pattern corresponding to the pattern data, thereby con-
trolling the diffraction direction and the phase of diffracted
light to be generated by the light modulator 41. For ex-
ample, the pattern data is bitmap data in which a gray-
scale value (for example, 0 or 1) indicating whether the
voltage applied to a pixel Px is positive voltage or nega-
tive voltage and the position of the pixel Px are associated
with each other.
[0051] In the SLM that modulates light due to electric
field effect, internal ions of ferroelectric liquid crystals are
attracted in one direction due to the bias in DC component
of voltage applied for the modulation, which may cause
image burn-in.
[0052] Figs. 4(a) and (b) are diagrams illustrating volt-
age patterns. Figs. 4(c) and (d) are conceptual diagrams
illustrating interference fringes formed by +1st order dif-
fracted light and -1st order diffracted light. As illustrated
in Fig. 4(a), for example, the light modulator 41 forms a
voltage pattern DPa in the first half period in one frame
for imaging. For example, in the voltage pattern DPa,
pixel groups Pxa applied with positive voltage and pixel
groups Pxb applied with negative voltage are arranged
in the X direction. The voltage pattern DPa is a pattern
in which unit structures PR1, each of which is a pair of
the pixel group Pxa and the pixel group Pxb, are period-
ically arranged. Interference fringes IFa illustrated in Fig.
4(c) represent interference fringes formed by interfer-
ence between +1st order diffracted light and -1st order
diffracted light among diffracted light beams that are dif-
fracted by the light modulator 41 applied with the voltage
pattern DPa illustrated in Fig. 4(a). The interference fring-
es IFa are a pattern in which unit structures PR2, each
of which includes a bright part A1 and a dark part A2, are
periodically arranged.
[0053] As illustrated in Fig. 4(b), for example, the light
modulator 41 forms a voltage pattern DPb, which is a
voltage pattern obtained by inverting the voltage pattern
in the first half period, in the second half period in one
frame for imaging. In other words, the voltage pattern
DPb corresponds to a pattern obtained by inverting the
positive voltage and the negative voltage in the voltage
pattern DPa. In the voltage pattern DPb having periodic-
ity, the phase of the unit structure PR1 is shifted from the
voltage pattern DPa by π (1/2 period). Interference fring-
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es IFb illustrated in Fig. 4(d) represent interference fring-
es formed by interference between +1st order diffracted
light and -1st order diffracted light among diffracted light
beams that are diffracted by the light modulator 41 ap-
plied with the voltage pattern DPb illustrated in Fig. 4(b).
The interference fringes IFb are interference fringes in
which the phase is shifted from the interference fringes
IFa by 2π (1 period). Thus, at the positions of the bright
parts A1 of the interference fringes IFa in the first half
period in one frame, the bright parts A1 of the interference
fringes IFb in the second half period are disposed, and
at the positions of the dark parts A2 of the interference
fringes IFa in the first half period, the dark parts A2 of the
interference fringes IFb in the second half period are dis-
posed.
[0054] Specifically, the voltage pattern DPa (see Fig.
4(a)) is applied to the light modulator 41 to form the in-
terference fringes IFa (see Fig. 4(c)), and the voltage
pattern DPb (see Fig. 4(b)) is applied to the light modu-
lator 41 to form the interference fringes IFb (see Fig. 4(d))
in which the phase is shifted from the interference fringes
IFa (see Fig. 4(c)) by 2π (1 period). In other words, the
same interference fringes are able to be formed irrespec-
tive of whether the voltage pattern DPa or the voltage
pattern DPb is applied to the light modulator 41. In the
light modulator 41, on the other hand, the direction of the
electric field applied to the liquid crystal layer 44 is invert-
ed between the case where the voltage pattern DPa is
applied and the case where the voltage pattern DPb is
applied, and hence the occurrence of image burn-in is
suppressed. Consequently, the sample X is able to be
illuminated with interference fringes having the same
phase in the first half period and the second half period
in one frame while the occurrence of image burn-in in the
light modulator 41 is suppressed.
[0055] In one frame period during which the imaging
is performed by the imaging device 3, the controller 15
only needs to apply a first voltage pattern and a second
voltage pattern obtained by inverting the first voltage pat-
tern to at least some of the pixel electrodes 47. For ex-
ample, pixel electrodes 47 in which voltage patterns ap-
plied in one frame period are inverted may be a part of
the pixel electrodes 47 or all of the pixel electrodes 47
(the same applies hereinafter). For example, the control-
ler 15 may invert voltage patterns in one frame period for
a half of the pixel electrodes 47, and invert voltage pat-
terns in another frame period for the remaining half of
the pixel electrodes 47.
[0056] Next, referring to Fig. 5 to Fig. 9, an observation
method in the 2D-SIM mode is described based on the
operation of the structured illumination microscope 1. Fig.
5 is a diagram illustrating an example of conditions of
interference fringes. For example, the structured illumi-
nation microscope 1 switches the periodic direction of
interference fringes to three directions of a first direction,
a second direction, and a third direction. For example,
the first direction is a direction freely selected, the second
direction is a direction of 120° in the counterclockwise

direction from the first direction, and the third direction is
a direction of 120° in the counterclockwise direction from
the second direction (-120° in the clockwise direction
from the first direction).
[0057] The structured illumination microscope 1
switches the phase to three patterns under each of the
conditions of the periodic direction of interference fringes.
For example, the structured illumination microscope 1
switches the phase of interference fringes to three pat-
terns of 0 (desired reference phase), a phase shifted from
the reference phase by 2π/3, and a phase shifted from
the reference phase by 4π/3 in the state in which the
periodic direction of the interference fringes is set to the
first direction.
[0058] Fig. 6 is a flowchart illustrating the operation of
the structured illumination microscope 1 in the 2D-SIM
mode (see Fig. 1 to Fig. 3 for the components in the
structured illumination microscope 1). At Step S11, the
controller 15 in the control device 4 sets conditions
(phase, direction) of interference fringes. For example,
the controller 15 sets the periodic direction of interference
fringes to the first direction, and sets the phase of the
interference fringes to 0. At Step S12, the controller 15
supplies a drive signal corresponding to the conditions
of the interference fringes set at Step S11 to the light
modulator 41. The light modulator 41 applies voltage to
each pixel in accordance with the drive signal to form a
voltage pattern, and the structured illumination device 2
forms interference fringes corresponding to the voltage
pattern on the sample X. At Step S13, the controller 15
controls the imaging device 3 to take an image of the
sample X illuminated with the interference fringes.
[0059] At Step S14, the controller 15 determines
whether the imaging under all the conditions of the inter-
ference fringes has been finished. When the controller
15 determines that the imaging under at least one of the
intended conditions (for example, nine conditions illus-
trated in Fig. 5) has not been finished (No at Step S14),
the controller 15 changes the condition of the interference
fringes at Step S15. After the end of the processing at
Step S15, the controller 15 repeats the processing from
Step S12 to Step S14 to take images of the sample X
under the intended conditions.
[0060] For example, the controller 15 sets the periodic
direction of interference fringes to the first direction, and
switches the phase of the interference fringes to 0, 2π/3,
and 4π/3 to acquire three images related to the first di-
rection. For example, the controller 15 sets the periodic
direction of interference fringes to the second direction,
and switches the phase of the interference fringes to 0,
2π/3, and 4π/3 to acquire three images related to the
second direction. For example, the controller 15 sets the
periodic direction of interference fringes to the third di-
rection, and switches the phase of the interference fring-
es to 0, 2π/3, and 4π/3 to acquire three images related
to the third direction. The conditions for interference fring-
es may be set in any order.
[0061] When it is determined that the imaging under
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all the intended conditions has been completed (Yes at
Step S14), the controller 15 controls the demodulator 40
to execute demodulation processing at Step S16. The
demodulator 40 uses images taken by the imaging device
3 under the conditions to execute demodulation process-
ing, and forms data on a super-resolution image. For ex-
ample, the control device 4 stores the data on the super-
resolution image in a storage device (not shown). For
example, the control device 4 displays the super-resolu-
tion image on the display device 5.
[0062] Fig. 7 includes conceptual diagrams illustrating
an example of voltage patterns used to acquire three
images related to the first direction. In each voltage pat-
tern illustrated in Fig. 7, parts corresponding to pixels
applied with positive voltage are illustrated in white, and
parts corresponding to pixels applied with negative volt-
age are illustrated in black.
[0063] A voltage pattern VPa in Fig. 7(A) and a voltage
pattern VPb in Fig. 7(B) are voltage patterns used for
conditions where the phase of interference fringes is 0,
and, for example, used in the first half period in one frame
for imaging. The voltage pattern VPb is a pattern obtained
by inverting the voltage pattern VPa, and, for example,
used in the second half period in one frame for imaging.
A voltage pattern VPc in Fig. 7(C) and a voltage pattern
VPd in Fig. 7(D) are voltage patterns used for conditions
where the phase of interference fringes is 2π/3. For ex-
ample, VPc is used in the first half period in one frame.
The voltage pattern VPd is a pattern obtained by inverting
the voltage pattern VPc, and, for example, used in the
second half period in one frame for imaging. A voltage
pattern VPe in Fig. 7(E) and a voltage pattern VPf in Fig.
7(F) are voltage patterns used for conditions where the
phase of interference fringes is 4π/3, and, for example,
used in the first half period in one frame for imaging. The
voltage pattern VPf is a pattern obtained by inverting the
voltage pattern VPe, and, for example, used in the sec-
ond half period in one frame for imaging.
[0064] Fig. 8 is a timing chart illustrating operations of
the light modulator 41 and the imaging element 36 for
acquiring three images related to the first direction. Be-
fore the first half period in a frame Fr1 is started, the
controller 15 supplies a drive signal (for example, bitmap
data) indicating the voltage pattern VPa to the light mod-
ulator 41. In the first half period in the frame Fr1, the light
modulator 41 applies a positive potential (for example,
+V1) and a negative potential (for example, -V1) to the
pixel electrodes 47 such that the distribution of voltage
values of the pixel electrodes 47 becomes the voltage
pattern VPa. Before the second half period in the frame
Fr1 is started, the controller 15 supplies a drive signal
(for example, bitmap data) indicating the voltage pattern
VPb to the light modulator 41. In the second half period
in the frame Fr1, the light modulator 41 applies the po-
tential (for example, +V1 or -V1) to each of the pixel elec-
trodes 47 such that the distribution of voltage values of
the pixel electrodes 47 becomes the voltage pattern VPb.
[0065] In the first half period in the frame Fr1, an electric

field corresponding to the drive signal is applied to the
liquid crystal layer 44 in the light modulator 41, so that
the bias in electric charges may occur between the first
substrate 42 side and the second substrate 43 side. In
the second half period in the frame Fr1, however, an elec-
tric field obtained by inverting the electric field in the first
half period is applied to the liquid crystal layer 44 in the
light modulator 41 in response to the drive signal, and
hence at least a part of the bias in electric charges (for
example, image burn-in) generated in the first half period
is eliminated.
[0066] As illustrated in Fig. 4, the voltage patterns
formed by the light modulator 41 are inverted from each
other between the first half period and the second half
period, but the phases of interference fringes formed on
the sample X are aligned with each other in the first half
period and the second half period (the same phase). The
controller 15 controls the imaging element 36 such that
electric charges due to light from the sample X are ac-
cumulated in the photoelectric conversion element in
each pixel of the imaging element 36 over the first half
period and the second half period in the frame Fr1. In
this manner, the structured illumination microscope 1 is
able to suppress the occurrence of image burn-in in the
light modulator 41 by using a part of the exposure period
of the imaging element 36.
[0067] Also in the frame Fr2, the controller 15 similarly
supplies a drive signal indicating a third voltage pattern
VPc and a drive signal indicating a fourth voltage pattern
VPd to the light modulator 41. In the first half period in
the frame Fr2, the light modulator 41 holds the distribution
of voltage values of the pixel electrodes 47 to the third
voltage pattern VPc. In the second half period in the frame
Fr2, the light modulator 41 holds the distribution of volt-
age values of the pixel electrodes 47 to the fourth voltage
pattern VPd. The light modulator 41 is able to form volt-
age patterns in the frame Fr2 with high accuracy because
at least a part of the bias in electric charges has been
eliminated in the frame Fr1. The controller 15 controls
the imaging element 36 such that electric charges due
to light from the sample X are accumulated in the imaging
element 36 over the first half period and the second half
period in the frame Fr2.
[0068] Also in the frame Fr3, the controller 15 similarly
supplies a drive signal indicating the fifth voltage pattern
VPe and a drive signal indicating the sixth voltage pattern
VPf to the light modulator 41. In the first half period of
the frame Fr3, the light modulator 41 holds the distribution
of voltage values of the pixel electrodes 47 to the fifth
voltage pattern VPe. In the second half period in the
frame Fr3, the light modulator 41 holds the distribution
of voltage value of the pixel electrodes 47 to the sixth
voltage pattern VPf. The light modulator 41 is able to form
voltage patterns in the frame Fr3 with high accuracy be-
cause at least a part of the bias in electric charges has
been eliminated in the frame Fr2. The controller 15 con-
trols the imaging element 36 such that electric charges
due to light from the sample X are accumulated in the
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imaging element 36 over the first half period and the sec-
ond half period in the frame Fr3.
[0069] The controller 15 acquires three images in
which the periodic direction of interference fringes is the
first direction and the phase thereof has three patterns
through the imaging in the frames Fr1 to Fr3. The con-
troller 15 similarly acquires images also for the case
where the periodic direction of interference fringes is the
second direction and the case where the periodic direc-
tion of interference fringes is the third direction.
[0070] In each of the above-mentioned frames, for ex-
ample, the length of the first half period is set equal to
the length of the second half period. A period of time from
a start point of each frame to a start point of the first half
period is freely set. For example, the start point of the
first half period may be substantially the same as the start
point of each frame, or may be after a predetermined
time from the start point of each frame. A period of time
from an end point of the first half period of each frame to
a start point of the second half period is freely set. For
example, the start point of the second half period may
be substantially the same as the end point of the first half
period, or may be after a predetermined time from the
end point of the first half period. The structured illumina-
tion device 2 is able to suppress the occurrence of image
burn-in by inverting the voltage pattern between the first
half period and the second half period in at least one
frame, and may avoid inverting the voltage pattern be-
tween the first half period and the second half period in
some frames.
[0071] Fig. 9 includes timing charts illustrating other
examples of the operations of the light modulator 41 and
the imaging element 36. In Fig. 9(A), the light modulator
41 holds the distribution of voltage values of the pixel
electrodes 47 to a first voltage pattern in a first period t1
in one frame. The light modulator 41 holds the distribution
of voltage values of the pixel electrodes 47 to a second
voltage pattern obtained by inverting the first voltage pat-
tern in a second period t2 in one frame. The length of the
first period t1 is different from the length of the second
period t2.
[0072] Also in such a case, at least a part of the bias
in electric charges generated in the first period t1 is able
to be resolved in the second period t2 in the light modu-
lator 41. In the light modulator 41, electric characteristics
(for example, parasitic capacitance) may differ between
the first substrate 42 side and the second substrate 43
side. In such a case, the relative lengths of the first period
t1 and the second period t2 may be adjusted to adjust
the bias in electric charges in the light modulator 41.
[0073] In Fig. 9(B), the light modulator 41 holds the
distribution of voltage values of the pixel electrodes 47
to a first voltage pattern in the third period t3 and the fifth
period t5 in one frame. The light modulator 41 holds the
distribution of voltage values of the pixel electrodes 47
to a second voltage pattern obtained by inverting the first
voltage pattern in the fourth period t4 and the sixth period
t6 in one frame. For example, when the frame rate of the

imaging element 36 is 30 fps and the refresh rate of the
light modulator 41 is 120 Hz, the light modulator 41 can
switch the voltage pattern four times in one frame period
for imaging. In such a case, for example, the light mod-
ulator 41 may hold the distribution of voltage values of
the pixel electrodes 47 to the first voltage pattern and the
second voltage pattern twice alternately.
[0074] As described above, in one frame, the number
of times by which the light modulator 41 holds the distri-
bution of voltage values of the pixel electrodes 47 to the
first voltage pattern may be plural. In one frame, the
number of times by which the light modulator 41 holds
the distribution of voltage values of the pixel electrodes
47 to the second voltage pattern may be plural and may
be the same as or different from the number of times for
the first voltage pattern.
[0075] Next, a 3D-SIM mode is described. Fig. 10 is a
diagram illustrating an optical path from the light source
11 to the sample X in the 3D-SIM mode. In Fig. 10, an
optical path from the sample X to the imaging element
36 is omitted for simpler illustration, but the imaging de-
vice 3 takes images of the sample X in the same manner
as in Fig. 1.
[0076] In the 3D-SIM mode, the structured illumination
device 2 forms combined interference fringes obtained
by combining interference fringes generated by +1st or-
der diffracted light and -1st diffracted light, interference
fringes generated by +1st order diffracted light and 0th
order diffracted light, and interference fringes generated
by - 1st order diffracted light and 0th order diffracted light.
For example, the combined interference fringes have pe-
riodic structures in two directions in total, that is, a direc-
tion within a plane perpendicular to the optical axis 14a
on the light exit side of the illumination optical system 14
and a direction parallel to the optical axis 14a on the light
exit side of the illumination optical system 14.
[0077] In the 3D-SIM mode, the mask 27 transmits 0th
order diffracted light and 1st order diffracted light, and
blocks 2nd or higher order diffracted light. For example,
the mask 27 includes a shutter capable of switching the
transmission and block of 0th order diffracted light, and
is provided so as to transmit 0th order diffracted light in
the 3D-SIM mode. When the structured illumination de-
vice 2 is used in the 3D-SIM mode, the mask 27 may be
replaced with a mask having an opening at a position
through which 0th order diffracted light enters.
[0078] Three interference fringes are formed in the 3D-
SIM mode as described above. Of the interference fring-
es, interference fringes generated by +1st order diffract-
ed light and -1st order diffracted light are the same as
those in the 2D-SIM mode and descriptions thereof are
omitted, and only interference fringes generated by 0th
order diffracted light and +1st order diffracted light and
interference fringes generated by 0th order diffracted
light and -1st order diffracted light are described. Note
that, in this case, the two interference fringes have com-
pletely the same phase and are thus referred to as "in-
terference fringes generated by 0th order diffracted light
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and 1st order diffracted light". Fig. 11 is a conceptual
diagram illustrating voltage patterns and interference
fringes generated by 0th order diffracted light and 1st
order diffracted light. The light modulator 41 forms a volt-
age pattern DPc in the period of a first frame. The light
modulator 41 forms a voltage pattern Dpd obtained by
inverting the voltage pattern DPc in the period of a second
frame.
[0079] In the 3D-SIM mode, interference fringes IFc
are formed by interference between 0th order diffracted
light and 1st order diffracted light that are diffracted by
the light modulator 41 applied with the voltage pattern
DPc. Interference fringes IFd formed by the voltage pat-
tern DPd, which is a pattern obtained by inverting the
voltage pattern DPc, have a phase shifted by π from the
phase of the interference fringes IFc formed by the volt-
age pattern DPc. More specifically, the interference be-
tween 0th order diffracted light and 1st order diffracted
light has a difference of orders of diffracted light of 1, and
hence when the voltage pattern is inverted, the phase of
formed interference fringes is shifted by π, so that the
interference fringes IFd have a phase shifted by π from
the phase of the interference fringes IFc.
[0080] In general, in the 3D-SIM mode, the direction
of interference fringes is changed in three patterns, and
the phase of interference fringes is changed in five or
more patterns, so that interference fringes in fifteen or
more states are formed by a combination of the direction
and the phase of interference fringes, and images of the
sample corresponding to the interference fringes are ac-
quired. The structured illumination device 2 in the present
embodiment changes, for each direction of interference
fringes, the phase of interference fringes in even patterns
(for example, 2, 4, or 6). Provided that the number of
kinds of phases of interference fringes for a positive in-
teger u is 2u, when the phase is changed by equal dis-
tances, a phase ϕv of interference fringes for an integer
v from 0 to u-1 is expressed by ϕv = πv/u. In this case,
when a voltage pattern used to form interference fringes
of ϕv is inverted, for example, as illustrated in Fig. 11,
the phase of interference fringes is shifted by π to be
π(v+u)/u, and the resultant interference fringes is able to
be used as interference fringes having a phase of ϕv+u.
[0081] Fig. 12 is a diagram illustrating an example of
conditions of interference fringes in the 3D-SIM mode.
In Fig. 12, the phase has six patterns (0, π/3, 2π/3, 3π/3,
4π/3, 5π/3), which corresponds to the above-mentioned
case of u = 3. Provided that ϕ1 = 0, ϕ2 = π/3, ϕ3 = 2π/3,
ϕ4 = 3π/3, ϕ5 = 4π/3, and ϕ6 = 5π/3, a voltage pattern
for forming interference fringes of ϕ1 and a voltage pat-
tern for forming interference fringes of ϕ4 have a reverse
relation. A voltage pattern for forming interference fringes
of ϕ2 and a voltage pattern for forming interference fring-
es of ϕ5 have a reverse relation. A voltage pattern for
forming interference fringes of ϕ3 and a voltage pattern
for forming interference fringes of ϕ6 have a reverse re-
lation. For example, in the case of forming interference
fringes having a phase of ϕ4, the light modulator 41 forms

a voltage pattern obtained by inverting the voltage pattern
applied to form interference fringes having a phase of ϕ1.
[0082] Now, a group including voltage patterns corre-
sponding to ϕ1, ϕ2, and ϕ3 is referred to as "first voltage
pattern group". A group including voltage pattern corre-
sponding to ϕ4, ϕ5, and ϕ6 is referred to as "second
voltage pattern group". The second voltage pattern group
is a group including voltage patterns obtained by inverting
the voltage patterns included in the first voltage pattern
group. The controller 15 sets the distribution of voltage
values of the pixel electrodes 47 in the light modulator
41 to voltage patterns sequentially selected from the first
voltage pattern group and the second voltage pattern
group. Voltage patterns included in the second voltage
pattern group and voltage patterns included in the first
voltage pattern group have a reverse relation, and hence
the occurrence of the bias in electric charges (image
burn-in) in the liquid crystal layer 44 of the light modulator
41 is suppressed.
[0083] To form the interference fringes having phases
of ϕ1 to ϕ6 as described above, for example, six kinds
of voltage patterns illustrated in Fig. 7 only need to be
used. For example, when the voltage pattern VPa in Fig.
7(A) is used for interference fringes having a phase of
ϕ1 (0), the voltage pattern VPb in Fig. 7(B), which is a
voltage pattern obtained by inverting the voltage pattern
VPa, is usable to form interference fringes having a phase
of ϕ4 (3π/3). When the voltage pattern VPc in Fig. 7(C)
is used to form interference fringes having a phase of ϕ3
(2π/3), the voltage pattern VPd in Fig. 7(D), which is a
voltage pattern obtained by inverting the voltage pattern
VPc, is usable to form interference fringes having a phase
of ϕ6 (5π/3). When the voltage pattern VPe in Fig. 7(E)
is used to form interference fringes having a phase of ϕ5
(4π/3), the voltage pattern VPf in Fig. 7(F), which is a
voltage pattern obtained by inverting the voltage pattern
VPe, is usable to form interference fringes having a phase
of ϕ2 (π/3).
[0084] The controller 15 only needs to apply a first volt-
age pattern to at least some of the pixel electrodes 47 in
a period for a first frame during which the imaging device
3 takes an image, and apply a second voltage pattern
obtained by inverting the first voltage pattern in a period
for a second frame during which an image of the sample
X is taken. Pixel electrodes 47 in which voltage patterns
applied in the period for the first frame and the period for
the second frame are inverted may be a part of the pixel
electrodes 47 or all of the pixel electrodes 47 (the same
applies hereinafter).
[0085] Next, an observation method in the 3D-SIM
mode is described based on the operation of the struc-
tured illumination microscope 1. While changing the con-
ditions of interference fringes as illustrated in Fig. 6, the
structured illumination microscope 1 acquires images of
a sample X illuminated with the interference fringes under
the conditions. For example, the conditions of interfer-
ence fringes in the 3D-SIM mode are as illustrated in Fig.
12. In this case, the structured illumination microscope
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1 changes the direction of interference fringes in three
patterns, and changes the phase in six patterns for each
direction of interference fringes, thereby acquiring imag-
es of the sample X illuminated with interference fringes
under eighteen conditions obtained by a combination of
the direction and the phase of interference fringes.
[0086] Fig. 13 is a timing chart illustrating operations
of the light modulator 41 and the imaging element 36 for
acquiring six images related to the first direction. An ex-
ample where the phase of interference fringes is changed
in six patterns by using six kinds of voltage patterns il-
lustrated in Fig. 7 is now described. Voltage patterns used
in the 3D-SIM mode may be different from voltage pat-
terns used in the 2D-SIM mode in at least one of the
period, the phase, and the direction (for example, peri-
odic direction).
[0087] Before the first frame is started, the controller
15 supplies a drive signal (for example, bitmap data) in-
dicating a voltage pattern VPa to the light modulator 41.
In the first frame, the light modulator 41 applies positive
potential (for example, +V1) and negative potential (for
example, -V1) such that the distribution of voltage values
of the pixel electrodes 47 becomes the first voltage pat-
tern VPa. In this manner, interference fringes having a
phase of ϕ1 are formed on the sample X. The controller
15 controls the imaging element 36 such that electric
charges due to light from the sample X are accumulated
in the photoelectric conversion element in each pixel of
the imaging element 36 in the first frame.
[0088] Before the second frame next to the first frame
is started, the controller 15 supplies a drive signal indi-
cating a voltage pattern VPb having a reverse relation
with the voltage pattern VPa in the first frame to the light
modulator 41. In the second frame, the light modulator
41 holds the distribution of voltage values of the pixel
electrodes 47 to the voltage pattern VPb. In this manner,
interference fringes having a phase of ϕ4 are formed on
the sample X. The controller 15 controls the imaging el-
ement 36 such that electric charges due to light from the
sample X are accumulated in the photoelectric conver-
sion element in each pixel of the imaging element 36 in
the second frame.
[0089] In the first frame, an electric field corresponding
to a drive signal is applied to the liquid crystal layer 44 in
the light modulator 41, so that the bias in electric charges
may occur between the first substrate 42 side and the
second substrate 43 side. In the second frame, however,
an electric field obtained by inverting the electric field in
the first frame is applied to the liquid crystal layer 44 in
the light modulator 41, and hence at least a part of the
bias in electric charges (for example, image burn-in) gen-
erated in the first frame is eliminated. In this manner, the
structured illumination microscope 1 is able to suppress
the occurrence of image burn-in in the light modulator 41
by using a part of an exposure period of the imaging
element 36.
[0090] Before the third frame is started, the controller
15 supplies a drive signal indicating a voltage pattern

VPc to the light modulator 41. In the third frame, the light
modulator 41 holds the distribution of voltage values of
the pixel electrodes 47 to the voltage pattern VPc. In this
way, interference fringes having a phase of ϕ3 are formed
on the sample X. The light modulator 41 is able to form
voltage patterns in the third frame with high accuracy
because at least a part of the bias in electric charges has
been eliminated in the second frame. The controller 15
controls the imaging element 36 such that electric charg-
es due to light from the sample X are accumulated in the
photoelectric conversion element in each pixel of the im-
aging element 36 in the third frame.
[0091] Before the fourth frame next to the third frame
is started, the controller 15 supplies a drive signal indi-
cating a voltage pattern VPd having a reverse relation
with the voltage pattern VPc in the third frame to the light
modulator 41. In the fourth frame, the light modulator 41
holds the distribution of voltage values of the pixel elec-
trodes 47 to the voltage pattern VPd. At least a part of
the bias in electric charges generated in the light modu-
lator 41 in the third frame is eliminated in the fourth frame.
Interference fringes having a phase of ϕ6 are formed on
the sample X. The controller 15 controls the imaging el-
ement 36 such that electric charges due to light from the
sample X are accumulated in the photoelectric conver-
sion element in each pixel of the imaging element 36 in
the fourth frame.
[0092] Before the fifth frame is started, the controller
15 supplies a drive signal indicating a voltage pattern
VPe to the light modulator 41. In the fifth frame, the light
modulator 41 holds the distribution of voltage values of
the pixel electrodes 47 to the voltage pattern VPe. In this
manner, interference fringes having a phase of ϕ5 are
formed on the sample X. The light modulator 41 is able
to form voltage patterns in the fifth frame with high accu-
racy because at least a part of the bias in electric charges
has been eliminated in the fourth frame. The controller
15 controls the imaging element 36 such that electric
charges due to light from the sample X are accumulated
in the photoelectric conversion element in each pixel of
the imaging element 36 in the fifth frame.
[0093] Before the sixth frame next to the fifth frame is
started, the controller 15 supplies a drive signal indicating
a voltage pattern VPf having a reverse relation with the
voltage pattern VPe in the fifth frame to the light modu-
lator 41. In the sixth frame, the light modulator 41 holds
the distribution of voltage values of the pixel electrodes
47 to the voltage pattern VPf. At least a part of the bias
in electric charges generated in the light modulator 41 in
the fifth frame is eliminated in the sixth frame. Interfer-
ence fringes having a phase of ϕ2 are formed on the
sample X. The controller 15 controls the imaging element
36 such that electric charges due to light from the sample
X are accumulated in the photoelectric conversion ele-
ment in each pixel of the imaging element 36 in the sixth
frame.
[0094] The controller 15 acquires six images in which
the periodic direction of interference fringes is the first
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direction and the phase thereof has six patterns through
the imaging in the first to the sixth frames. The controller
15 similarly acquires images also for the case where the
periodic direction of interference fringes is the second
direction and the case where the periodic direction of
interference fringes is the third direction. In this manner,
the control device 4 changes the direction of interference
fringes in three patterns, and changes the phase in six
patterns for each direction, thereby acquiring eighteen
images. The demodulator 40 uses the eighteen images
to execute demodulation processing, and generates data
on a super-resolution image.
[0095] In the present embodiment, a predetermined
voltage pattern is formed in an odd-numbered frame (for
example, first frame), and a voltage pattern obtained by
inverting the predetermined voltage pattern is formed in
a frame next to the odd-numbered frame. This operation
enables the next odd-numbered frame to be started in
the state in which the bias in electric charges in the light
modulator 41 is eliminated. Imaging of a frame (second
frame) having a reverse relation with an odd-numbered
frame (for example, first frame) may be performed in any
of the second to the sixth frames. Also in such a case,
at least a part of the bias in electric charges generated
in the light modulator 41 in the first frame is able to be
eliminated in the second frame.
[0096] In the present embodiment, when the number
of frames for imaging is even (for example, 6), an odd-
numbered frame (for example, first frame) and the next
even-numbered frame (second frame) are paired, and a
voltage pattern is inverted in the pair of frames. In the
case of six images acquired for each direction of inter-
ference fringes, for example, the structured illumination
device 2 inverts voltage patterns in all pairs (three pairs)
of frames, but only needs to invert voltage patterns in at
least one pair of frames among the pairs of frames. Also
in such a case, the structured illumination device 2 is able
to reduce the bias in electric charges (image burn-in) in
the light modulator 41 by using at least a part of the ex-
posure period of the imaging element 36. For example,
in the case of eliminating the bias in electric charges in
a period other than the exposure period by acquiring five
images while changing the phase of interference fringes
in the state in which the direction thereof is set to a pre-
determined direction, it takes a time of ten frames, but in
the present embodiment, images are able to be acquired
in a time corresponding to six frames, and the bias in
electric charges is able to be eliminated. By acquiring six
images in one direction of the periodic direction of inter-
ference fringes, the demodulation processing is able to
be performed with high accuracy.
[0097] The number of images used for demodulation
processing is different depending on an algorithm of the
demodulation processing. To acquire super-resolution
effect in three directions, for example, as disclosed in
U.S. Patent No. 8,115,806, five images having different
phases may be acquired for each direction of interference
fringes. In this case, the structured illumination device 2

only needs to omit image acquisition corresponding to
one frame period among the above-mentioned six frame
periods. In such a case, the structured illumination device
2 is able to reduce the bias in electric charges (image
burn-in) in the light modulator 41 by using at least a part
of the exposure period of the imaging element 36.
[0098] As described above, according to the control
method in the present embodiment, images are able to
be acquired with a smaller number of patterns in a shorter
period of time although the number of images to be ac-
quired is increased as compared with the case where
five voltage patterns and inverted patterns thereof are
prepared in order to acquire five images having different
phases necessary in the 3D-SIM mode as disclosed in,
for example, U.S. Patent No. 8,115,806.
[0099] To acquire super-resolution effect in three di-
rections, for example, as disclosed in PCT No.
2014/013720, demodulation images may be performed
with fewer than fifteen images. For example, under the
condition where the direction of interference fringes is
the first direction, the phase of interference fringes is
changed in four patterns of 0, π/2, π, and 3π/2, and under
the conditions where the direction of the interference
fringes is the second direction and the third direction, the
phase of interference fringes is changed in two patterns
of 0 and π for each direction. In this case, under the con-
dition where the direction of interference fringes is the
first direction, the structured illumination device 2 may
invert voltage patterns for a pair of frames in which the
phases of interference fringes are 0 and π, and may invert
voltage patterns for a pair of frames in which the phases
of interference fringes are π/2 and 3π/2. Under the con-
ditions where the direction of interference fringes is the
second direction and the third direction, the structured
illumination device 2 may invert, for each direction, volt-
age patterns for a pair of frames in which the phases of
interference fringes are 0 and π.
[0100] Next, an example of demodulation processing
executed by the demodulator 40 is described. The de-
modulator 40 can generate a restored image by using
modulated images taken with different orientations and
directions of the interference fringes. For example, the
demodulator 40 can perform the demodulation process-
ing disclosed in US Patent No. 8,115,806, but the de-
modulation processing is not limited to this method.
[0101] The control device 4 according to the above-
mentioned embodiment includes a computer including a
memory and a CPU. For example, the computer reads
a microscope control program recorded in a recording
medium such as the storage device 6, and executes con-
trol on the components in the structured illumination mi-
croscope 1 in accordance with the microscope control
program, thereby causing the components in the struc-
tured illumination microscope 1 to execute processing.
[0102] The microscope control program causes a com-
puter to execute control on a structured illumination mi-
croscope that branches, by a brancher that includes a
first substrate on which a plurality of pixel electrodes are
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provided, a second substrate opposed to the first sub-
strate, and a ferroelectric liquid crystal disposed between
the first substrate and the second substrate, light from a
light source into a plurality of diffracted light beams, illu-
minates a sample with interference fringes formed by at
least some of the diffracted light beams, forms an image
of the sample irradiated with the interference fringes,
takes the image, performs demodulation processing by
using a plurality of the taken images, and controls a di-
rection and a phase of the interference fringes. The con-
trolling on the direction and the phase includes applying,
in one frame period for taking the image, a first voltage
pattern and a second voltage pattern obtained by invert-
ing the first voltage pattern to at least some of the pixel
electrodes.
[0103] Alternatively, the microscope control program
causes a computer to execute control on a structured
illumination microscope that branches, by a brancher that
includes a first substrate on which a plurality of pixel elec-
trodes are provided, a second substrate opposed to the
first substrate, and a ferroelectric liquid crystal disposed
between the first substrate and the second substrate,
light from a light source into a plurality of diffracted light
beams, illuminates a sample with interference fringes
formed by at least some of the diffracted light beams,
forms an image of the sample irradiated with the inter-
ference fringes, takes the image formed by the imaging
optical system, performs demodulation processing by us-
ing a plurality of the taken images, and controls a direction
and a phase of the interference fringes. The controlling
on the direction and the phase includes applying a first
voltage pattern to at least some of the pixel electrodes
in a period for a first frame during which an image of the
sample is taken, and applying a second voltage pattern
obtained by inverting the first voltage pattern in a period
for a second frame during which an image of the sample
is taken, and the demodulation processing uses at least
an image taken in the first frame period and an image
taken in the second frame period.
[0104] The above-mentioned computer programs may
be recorded in a computer-readable recording medium
including portable media such as a flexible disk, a mag-
netooptical disc, a ROM, and a CD-ROM or a hard disk
built in a computer system. When the computer uses a
WWW system, the computer may include a website pro-
viding environment (or display environment). The com-
puter-readable recording medium may include the one
that dynamically holds a computer program for a short
period of time such as a communication line used to
transmit a computer program through a network such as
the Internet or lines of communication such as a telecom-
munication line, and the one that holds a computer pro-
gram for a given period of time such as a volatile memory
in a computer system serving as a server or a client in
that case. The computer programs may cause a compu-
ter to execute a part of processing performed by the struc-
tured illumination device 2.
[0105] At least a part of the controller 15 may be pro-

vided separately from the control device 4, and, for ex-
ample, may be provided in the light modulator 41. In this
case, for example, in the 2-D SIM mode, the control de-
vice 4 may supply bitmap data indicating a pattern of
interference fringes to the controller 15, and the controller
15 may generate a first voltage pattern corresponding to
the bitmap data and a second voltage pattern obtained
by inverting the first voltage pattern, and drive pixel elec-
trodes in the light modulator 41.
[0106] In the 3D-SIM mode, it is desired that the inten-
sity of diffracted light used to form interference fringes
among a plurality of diffracted light beams be adjusted
as appropriate. For example, in the case of forming in-
terference fringes by 0th order diffracted light and 1st
order diffracted light among a plurality of diffracted light
beams, it is desired that the ratio of intensity between 0th
order diffracted light and 1st order diffracted light be ad-
justed in advance. However, for example, when diffracted
light is generated by using ferroelectric liquid crystals, it
is not easy to adjust the intensity of diffracted light of each
order depending on cases. For example, the document
"L. Shao et al., Nat. Method 8, 1044 (2011)" indicates
that the intensity of diffracted light of each order is ad-
justed by duty, but the resolution of duty change may be
insufficient. When a 1/2 wavelength plate is used to adjust
the polarization direction of light entering an SLM and
the direction of the cone center (cone half angle), the
influence of wavelength characteristics may be high.
[0107] Now, a method for adjusting (setting) the inten-
sity of diffracted light used to form interference fringes
among a plurality of diffracted light beams is described.
In the present embodiment, the angle between the po-
larization direction of the illumination light L1 entering the
light modulator 41 (see Fig. 3) and the cone center of the
liquid crystal layer 44 (see Fig. 2) in the light modulator
41 is adjusted to adjust the intensity of diffracted light.
For example, the cone center of the liquid crystal layer
44 in the light modulator 41 is adjusted in advance by
subjecting an alignment film (not shown) provided in the
light modulator 41 to surface treatment such as rubbing.
In this case, the angle between the polarization direction
of the illumination light L1 entering the light modulator 41
and the cone center of the liquid crystal layer 44 in the
light modulator 41 is adjusted by the direction of the light
modulator 41.
[0108] Fig. 14 includes explanatory diagrams illustrat-
ing the relation between the orientation of the light mod-
ulator 41 and the illumination light L3 exiting from the
polarization separation element 12 (see Fig. 3 as appro-
priate for the polarization separation element 12, the light
modulator 41, and the illumination light L1 to the illumi-
nation light L3). Fig. 14(A) illustrates the case where the
direction of the cone center (denoted by reference sign
51 in Fig. 14) of liquid crystal molecules of the liquid crys-
tal layer 44 in the light modulator 41 is parallel to the
polarization direction of the illumination light L1 entering
the light modulator 41 (X direction). Fig. 14(B) illustrates
the case where the direction of the cone center 51 has
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an angle of α (α>0) with the polarization direction of the
illumination light L1 entering the light modulator 41.
[0109] The cone center 51 is a center line between a
direction D5 of the director of liquid crystal molecules
applied with positive voltage and a direction D6 of the
director of liquid crystal molecules applied with negative
voltage. Reference sign θ in Fig. 14 represents the angle
between the direction D5 and the direction D6 of the di-
rectors (hereinafter referred to as "cone angle").
[0110] As illustrated in Fig. 14(A) (see the first diagram
from the left), the polarization state of illumination light
L1 from the polarization separation element 12 toward
the light modulator 41 is linear polarization in the X di-
rection. The direction of the cone center 51 of the light
modulator 41 (see the second diagram from the left) is
set to be parallel to the polarization direction of the illu-
mination light L1 (X direction). First, the state in which
positive voltage is applied is described. In a pixel applied
with positive voltage, the angle between the direction D5
of the director and the polarization direction of the illumi-
nation light L1 (X direction) is θ/2, with the counterclock-
wise direction being positive. The angle between the po-
larization direction of illumination light L2 that has passed
through the pixel applied with positive voltage (see the
third upper diagram from the left) and the X direction is
θ, with the counterclockwise direction being positive. Il-
lumination light L3, which has been reflected by the po-
larization separation film 12a (see Fig. 3), in the illumi-
nation light L2 is linearly polarized light in the Y direction
in the illumination light L2, and the angle between the
polarization direction of the illumination light L3 and the
X direction is +π/2, with the counterclockwise direction
being positive. Next, the state in which negative voltage
is applied is described. In a pixel applied with negative
voltage, the angle between the direction D6 of the director
and the polarization direction of the illumination light L1
(X direction) is -θ/2, with the counterclockwise direction
being positive. The angle between the polarization direc-
tion of the illumination light L2 that has passed through
the pixel applied with negative voltage (see the third lower
diagram from the left) and the X direction is -θ, with the
counterclockwise direction being positive. Illumination
light L3, which has been transmitted through the polari-
zation separation film 12a, in the illumination light L2 is
linearly polarized light in the Y direction in the illumination
light L2, and the angle between the polarization direction
of the illumination light L3 and the X direction is -π/2, with
the counterclockwise direction being positive. In this
manner, when the direction of the cone center 51 is par-
allel to the polarization direction of the illumination light
L1 entering the light modulator 41, the light modulator 41
and the polarization separation element 12 serve as a
phase difference-based diffraction grating having a
phase difference of π.
[0111] Next, the case where the direction of the cone
center 51 is non-parallel to the polarization direction of
illumination light L1 entering the light modulator 41 is de-
scribed. As illustrated in Fig. 14(B) (see the first diagram

from the left), the polarization state of the incident light
L1 is linear polarization in the X direction. The angle be-
tween the direction of the cone center 51 (see the second
diagram from the left) and the polarization direction of
the illumination light L1 (X direction) is α, with the coun-
terclockwise direction being positive. First, the state in
which positive voltage is applied is described. In a pixel
applied with positive voltage, the angle between the di-
rection D5 of the director and the polarization direction
of the illumination light L1 (X direction) is θ/2+α, with the
counterclockwise direction being positive. The angle be-
tween the polarization direction of the illumination light
L2 that has passed through the pixel applied with positive
voltage (see the third upper diagram from the left) and
the X direction is θ+2α, with the counterclockwise direc-
tion being positive. Illumination light L3, which has been
transmitted through the polarization separation film 12a,
in the illumination light L2 is linearly polarized light in the
Y direction in the illumination light L2, and the angle be-
tween the polarization direction of the illumination light
L3 and the X direction is +π/2, with the counterclockwise
direction being positive. Next, the state in which negative
voltage is applied is described. In a pixel applied with
negative voltage, the angle between the direction D6 of
the director and the polarization direction of the illumina-
tion light L1 (X direction) is -θ/2+α, with the counterclock-
wise direction being positive. The angle between the po-
larization direction of the illumination light L2 that has
passed through the pixel applied with negative voltage
(see the third lower diagram from the left) and the X di-
rection is -θ+2α, with the counterclockwise direction be-
ing positive. Illumination light L3, which has been trans-
mitted through the polarization separation film 12a, in the
illumination light L2 is linearly polarized light in the Y di-
rection in the illumination light L2, and the angle between
the polarization direction of the illumination light L3 and
the X direction is -π/2, with the counterclockwise direction
being positive. When the light modulator 41 is inclined
by α, the intensity of the illumination light L3 exiting from
the polarization separation element 12 (indicated by the
size of arrows in the fourth upper and lower diagrams
from the left in Fig. 14(B)) in the state in which positive
voltage is applied (upper figure) becomes stronger than
that in the state in which negative voltage is applied (lower
diagram). As described above, when the direction of the
cone center 51 is non-parallel to the polarization direction
of the illumination light L1 entering the light modulator
41, the light modulator 41 and the polarization separation
element 12 (see Fig. 3) serve as a phase difference-
based diffraction grating having a phase difference of π
and an amplitude diffraction grating. Thus, for example,
the intensity of 0th order diffracted light becomes intensity
corresponding to the orientation (for example, angle α)
of the light modulator 41, and the ratio of intensity be-
tween 0th order diffracted light and 1st order diffracted
light is able to be adjusted (set).
[0112] Fig. 15 includes diagrams illustrating examples
of interference fringes. For example, Fig. 15(A) illustrates
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interference fringes corresponding to Fig. 14(A). For ex-
ample, Fig. 15(B) illustrates interference fringes corre-
sponding to Fig. 14(B). Fig. 15(A) and Fig. 15(B) illustrate
interference fringes each obtained by changing the fringe
orientation (line direction) in three patterns. In Fig. 15(B),
reference sign 52 represents a field of view of the imaging
device 3 (see Fig. 10). When the orientation of the light
modulator 41 is changed by the angle α as described
above, the fringe orientation of interference fringes
changes by the angle α. Thus, the fringe orientation of
interference fringes changes in the field of view of the
imaging device 3.
[0113] Pixels in the light modulator 41 have finite sizes,
and hence an ideal fringe pattern is not always displayed
depending on the arrangement direction of voltage pat-
terns to be displayed and the period thereof. For example,
when a voltage pattern is formed such that diffracted light
is generated in the arrangement direction of pixels in the
light modulator 41, the period of the voltage pattern is
always an integer, which may make it difficult to display
a voltage pattern having a desired period. It is thus de-
sired that the orientation of the light modulator 41 be ro-
tated in a plane such that all orientations of diffracted
light beams corresponding to a plurality of pieces of struc-
tured illumination are different from the arrangement di-
rection of pixels in the light modulator 41. Alternatively,
the imaging element may be rotated within a light receiv-
ing plane with respect to the light modulator 41 such that
the light modulator 41 is relatively rotated.
[0114] In Fig. 3 and other figures, illumination light L1
that has been transmitted through the polarization sep-
aration film 12a among the illumination light L1 from the
light source 20 enters the light modulator 41, but illumi-
nation light reflected by the polarization separation film
12a among the illumination light L1 from the light source
20 may enter the light modulator 41. In this case, it is
preferred to set the polarization state of the illumination
light L1 to S-polarization with respect to the polarization
separation film 12a. Illumination light that has been trans-
mitted through the polarization separation film 12a (P-
polarized light with respect to polarization separation film
12a) among the illumination light exiting from the light
modulator 41 only needs to be applied to the sample S.
[0115] The technical scope of the present invention is
not limited to the embodiments and modifications de-
scribed above. For example, one or more requirements
described in the embodiments and modifications may be
omitted. The requirements described in the embodi-
ments and modifications may be combined as appropri-
ate. As far as laws and regulations permit, the entire con-
tents of the documents cited in the above-mentioned em-
bodiments and the like are incorporated herein by refer-
ence.

[Description of Reference Signs]

[0116] 1 ... structured illumination microscope, 2 ...
structured illumination device, 3 ... imaging device, X ...

sample, 13 ... brancher, 15 ... controller, 41 ... light mod-
ulator, 42 ... first substrate, 43 ... second substrate, 45 ...
counter electrode, 47 ... pixel electrode, VPa to VPf ...
voltage pattern

Claims

1. A structured illumination microscope, comprising:

a brancher that includes a first substrate on
which a plurality of pixel electrodes are provided,
a second substrate opposed to the first sub-
strate, and a ferroelectric liquid crystal disposed
between the first substrate and the second sub-
strate, and branches light from a light source
into a plurality of diffracted light beams;
an illumination optical system that illuminates a
sample with interference fringes formed by at
least some of the diffracted light beams;
an imaging optical system that forms an image
of the sample irradiated with the interference
fringes;
an imaging device that takes the image formed
by the imaging optical system;
a demodulator that performs demodulation
processing by using a plurality of the images tak-
en by the imaging device; and
a controller that controls a direction and a phase
of the interference fringes, wherein
the controller applies, in one frame period during
which the imaging device takes the image, a first
voltage pattern and a second voltage pattern ob-
tained by inverting the first voltage pattern to at
least some of the pixel electrodes.

2. The structured illumination microscope according to
claim 1, wherein in the one frame period, a length of
a period during which the first voltage pattern is ap-
plied is the same as a length of a period during which
the second voltage pattern is applied.

3. The structured illumination microscope according to
claim 1, wherein in the one frame period, a length of
a period during which the first voltage pattern is ap-
plied is different from a length of a period during
which the second voltage pattern is applied.

4. The structured illumination microscope according to
any one of claims 1 to 3, wherein the demodulator
performs the demodulation processing by using the
image taken in the one frame period.

5. The structured illumination microscope according to
any one of claims 1 to 4, wherein the controller ap-
plies, in one frame period next to the one frame pe-
riod, a third voltage pattern different from the first
voltage pattern, and the fourth voltage pattern ob-
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tained by inverting the third voltage pattern to at least
some of the pixel electrodes.

6. The structured illumination microscope according to
any one of claims 1 to 5, wherein the illumination
optical system forms the interference fringes by in-
terference between +1st order diffracted light and
-1st order diffracted light among the diffracted light
beams, and illuminates the sample with the interfer-
ence fringes.

7. The structured illumination microscope according to
any one of claims 1 to 6, wherein the illumination
optical system forms first interference fringes by dif-
fracted light branched by the brancher driven with
the first voltage pattern, and forms second interfer-
ence fringes having the same phase as a phase of
the first interference fringes by diffracted light
branched by the brancher driven with the second
voltage pattern.

8. A structured illumination microscope, comprising:

a brancher that includes a first substrate on
which a plurality of pixel electrodes are provided,
a second substrate opposed to the first sub-
strate, and a ferroelectric liquid crystal disposed
between the first substrate and the second sub-
strate, and branches light from a light source
into a plurality of diffracted light beams;
an illumination optical system that illuminates a
sample with interference fringes formed by at
least some of the diffracted light beams;
an imaging optical system that forms an image
of the sample irradiated with the interference
fringes;
an imaging device that takes the image formed
by the imaging optical system;
a demodulator that performs demodulation
processing by using a plurality of the images tak-
en by the imaging device; and
a controller that controls a direction and a phase
of the interference fringes, wherein
the controller applies a first voltage pattern to at
least some of the pixel electrodes in a period for
a first frame during which the imaging device
takes the image, and applies a second voltage
pattern obtained by inverting the first voltage
pattern in a period for a second frame during
which the imaging device takes the image of the
sample, and
the demodulator performs the demodulation
processing by using at least an image taken in
the first frame period and an image taken in the
second frame period.

9. The structured illumination microscope according to
claim 8, wherein the second frame is a frame next

to the first frame.

10. The structured illumination microscope according to
claim 8 or 9, wherein
the controller applies a plurality of voltage patterns
such that a plurality of interference fringes in which
phases are shifted from each other by 2π/N+1, N
being an odd number,
the imager takes at least N images having different
phases of the interference fringes, and
the demodulator performs the demodulation
processing by using the at least N images.

11. The structured illumination microscope according to
claim 10, wherein
the imager takes N+1 images having different phas-
es of interference fringes, and
the demodulator performs the demodulation
processing by using the N+1 images.

12. The structured illumination microscope according to
claim 10 or 11, wherein N = 5.

13. The structured illumination microscope according to
any one of claims 10 to 13, wherein
the voltage patterns include a first voltage pattern
group and a second voltage pattern group, and a
voltage pattern included in the first voltage pattern
group is a pattern obtained by inverting a voltage
pattern included in the second voltage pattern group.

14. The structured illumination microscope according to
any one of claims 8 to 12, wherein the illumination
optical system forms first interference fringes by dif-
fracted light that is diffracted by the brancher driven
with the first voltage pattern, and forms second in-
terference fringes with a phase shifted by π from a
phase of the first interference fringes by diffracted
light that is diffracted by the brancher driven with the
second voltage pattern.

15. The structured illumination microscope according to
any one of claims 8 to 14, wherein the illumination
optical system forms the interference fringes by in-
terference between 0th order diffracted light and 1st
order diffracted light, and illuminates the sample with
the interference fringes.

16. The structured illumination microscope according to
claim 7 or 15, wherein a periodic direction of the sec-
ond interference fringes is the same as a periodic
direction of the first interference fringes.

17. An observation method, comprising:

branching, by a brancher that includes a first
substrate on which a plurality of pixel electrodes
are provided, a second substrate opposed to the
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first substrate, and a ferroelectric liquid crystal
disposed between the first substrate and the
second substrate, light from a light source into
a plurality of diffracted light beams;
illuminating a sample with interference fringes
formed by at least some of the diffracted light
beams;
forming an image of the sample irradiated with
the interference fringes;
taking the image;
performing demodulation processing by using a
plurality of the taken images; and
controlling a direction and a phase of the inter-
ference fringes, wherein
the controlling includes applying, in one frame
period for taking the image, a first voltage pattern
and a second voltage pattern obtained by invert-
ing the first voltage pattern to at least some of
the pixel electrodes.

18. An observation method, comprising:

branching, by a brancher that includes a first
substrate on which a plurality of pixel electrodes
are provided, a second substrate opposed to the
first substrate, and a ferroelectric liquid crystal
disposed between the first substrate and the
second substrate, light from a light source into
a plurality of diffracted light beams;
illuminating a sample with interference fringes
formed by at least some of the diffracted light
beams;
forming an image of the sample irradiated with
the interference fringes;
taking the image formed by the imaging optical
system;
performing demodulation processing by using a
plurality of the taken images; and
controlling a direction and a phase of the inter-
ference fringes, wherein
the controlling includes applying a first voltage
pattern to at least some of the pixel electrodes
in a period for a first frame during which an image
of the sample is taken, and applying a second
voltage pattern obtained by inverting the first
voltage pattern in a period for a second frame
during which an image of the sample is taken,
and
the demodulation processing uses at least an
image taken in the first frame period and an im-
age taken in the second frame period.

19. A microscope control program for causing a compu-
ter to execute control on a structured illumination mi-
croscope that branches, by a brancher that includes
a first substrate on which a plurality of pixel elec-
trodes are provided, a second substrate opposed to
the first substrate, and a ferroelectric liquid crystal

disposed between the first substrate and the second
substrate, light from a light source into a plurality of
diffracted light beams, illuminates a sample with in-
terference fringes formed by at least some of the
diffracted light beams, forms an image of the sample
irradiated with the interference fringes, takes the im-
age, performs demodulation processing by using a
plurality of the taken images, and controls a direction
and a phase of the interference fringes, wherein
the controlling on the direction and the phase in-
cludes applying, in one frame period for taking the
image, a first voltage pattern and a second voltage
pattern obtained by inverting the first voltage pattern
to at least some of the pixel electrodes.

20. A microscope control program for causing a compu-
ter to execute control on a structured illumination mi-
croscope that branches, by a brancher that includes
a first substrate on which a plurality of pixel elec-
trodes are provided, a second substrate opposed to
the first substrate, and a ferroelectric liquid crystal
disposed between the first substrate and the second
substrate, light from a light source into a plurality of
diffracted light beams, illuminates a sample with in-
terference fringes formed by at least some of the
diffracted light beams, forms an image of the sample
irradiated with the interference fringes, takes the im-
age formed by the imaging optical system, performs
demodulation processing by using a plurality of the
taken images, and controls a direction and a phase
of the interference fringes, wherein
the controlling on the direction and the phase in-
cludes applying a first voltage pattern to at least
some of the pixel electrodes in a period for a first
frame during which an image of the sample is taken,
and applying a second voltage pattern obtained by
inverting the first voltage pattern in a period for a
second frame during which an image of the sample
is taken, and
the demodulation processing uses at least an image
taken in the first frame period and an image taken in
the second frame period.
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